A nalysis of computed tomography (CT) images of animals and patients with acute lung injury (ALI) have identified three major regions: relatively normal lung regions located in the nondependent lung, areas of partially collapsed lung and/or alveolar filling located in the middle lung, and areas of pulmonary consolidation located in the most dependent lung (1-3). CT studies investigating the effects of mechanical ventilation have suggested that recruitment/derecruitment of atelectatic alveoli and hyperinflation of normal alveoli may occur when inappropriate levels of positive endexpiratory pressure (PEEP) are used and/or when the large part of the inflating volume is distributed to the normal lung regions (1, 2), respectively. These events may lead to stress failure due to the excessive wall tension of the hyperinflated alveolar regions and shear stress due to the tidal recruitment of the collapsed alveoli (4). Recent clinical trials have demonstrated that ventilatory strategies minimizing tidal recruitment and tidal hyperinflation improved survival in patients with ALI (5, 6).
A nalysis of computed tomography (CT) images of animals and patients with acute lung injury (ALI) have identified three major regions: relatively normal lung regions located in the nondependent lung, areas of partially collapsed lung and/or alveolar filling located in the middle lung, and areas of pulmonary consolidation located in the most dependent lung (1) (2) (3) . CT studies investigating the effects of mechanical ventilation have suggested that recruitment/derecruitment of atelectatic alveoli and hyperinflation of normal alveoli may occur when inappropriate levels of positive endexpiratory pressure (PEEP) are used and/or when the large part of the inflating volume is distributed to the normal lung regions (1, 2) , respectively. These events may lead to stress failure due to the excessive wall tension of the hyperinflated alveolar regions and shear stress due to the tidal recruitment of the collapsed alveoli (4) . Recent clinical trials have demonstrated that ventilatory strategies minimizing tidal recruitment and tidal hyperinflation improved survival in patients with ALI (5, 6) .
PEEP above the lower inflection point and plateau pressure below the upper inflection point of the static volumepressure curve were thought to minimize tidal recruitment and tidal hyperinflation, respectively (6) . However, several studies showed that the lower and upper inflection points do not identify the pressure ranges to minimize tidal recruitment and tidal hyperinflation since lung recruitment occurs throughout the entire static volume-pressure curve (7, 8) . In addition, issues related to reproduc-ibility of the measurement and patient safety limited the use of static volumepressure curve (9) . The rate of change of the airway pressure-time (Paw-t) curve during constant flow inspiration corresponds to the rate of change of compliance of the respiratory system during tidal inflation (10) : A progressive increase in slope of the Paw-t curve indicates that compliance is progressively increasing, and a progressive decrease in slope of the Paw-t curve indicates that compliance is decreasing with tidal inflation; a linear Paw-t curve indicates that compliance is constant throughout inflation (11) . Recent studies showed that ventilator settings leading to a linear Paw-t curve were associated with decreased ventilatorinduced lung injury (12) (13) (14) (15) . However, no data confirm the assumption made by these studies that the rate of change in compliance, as detected by the shape of the Paw-t curve, corresponds to tidal recruitment or tidal hyperinflation. In the present study, we used CT images to examine lung morphology in a pig ALI model and to correlate these images with respiratory mechanics as assessed by analysis of the Paw-t curve.
MATERIALS AND METHODS
Animal Preparation. The study was carried out on eight healthy male pigs (30.7 Ϯ 2.6 kg) (16, 17) . The local ethics committee for animal research reviewed and approved the study protocol.
Animals were anesthetized as previously described (16 -17) . Mechanical ventilation (Servoi, Siemens-Elema, Lund, Sweden) was delivered through a cuffed endotracheal tube with a tidal volume (VT) of 10 mL/kg, a respiratory rate of 15 breaths/min, an inspiratory to expiratory ratio of 1:2, zero cm H 2 O of PEEP, and an FIO 2 of 1.
An 18-gauge catheter was inserted into the left carotid artery for systemic arterial pressure measurement and arterial blood sampling. A thermistor-tipped pulmonary artery flotation catheter and an 18-gauge catheter were inserted into the right jugular vein. Arterial and mixed venous blood gas samples were analyzed, and systemic, pulmonary arterial, and central venous pressures and oxyhemoglobin saturation were monitored using standard equipment.
ALI was obtained through repeated lung lavage as previously described (18) . Saline (1000 mL, body temperature) was instilled through the endotracheal tube and drained out again, when the oxygen saturation declined to 90%. The procedure was repeated ten times with 5-min intervals between lavage. After the procedure was completed, the ventilator was set as follows: PEEP, 5 cm H 2 O; VT, 6 mL/kg; respiratory rate, 20 breaths/min; inspiratory to expiratory ratio, 1:2; and FIO 2 , 1 (baseline ventilation).
Measurements. Flow was measured with a heated pneumotachograph (Fleisch 2; Fleisch, Lausanne, Switzerland), connected to a differential pressure transducer (Special Instruments Diff-Cap Ϯ1 cm H 2 O; Nordlingen, Germany) inserted between the Y-piece of the ventilator circuit and the endotracheal tube. The pneumotachograph was linear over the experimental range of flow. Airway pressure (Paw) was measured proximal to the endotracheal tube with a pressure transducer (Special Instruments Digima-Clic Ϯ100 cm H 2 O; Nordlingen, Germany). Changes in intrathoracic pressure were evaluated by assessment of esophageal pressure measured using a thin latex balloon-tipped catheter system connected by a polyethylene catheter to a pressure transducer (Special Instruments Digima-Clic Ϯ100 cm H 2 O). The esophageal balloon was filled with 1-1.5 mL of air and correctly positioned by means of an occlusion test performed before paralysis (19) . Transpulmonary pressure was measured as Paw-esophageal pressure. All the variables described here were displayed and collected on a personal computer through a 12-bit analog-to-digital converter board (National Instrument DAQCard 700, Austin, TX) at a sample rate of 200 Hz (ICU Lab, KleisTEK Engineering, Bari, Italy).
Flow and Paw signals were collected for 3 mins every 5 mins. The software identified the beginning and the end of each recorded breath by means of a threshold value (0.1 L/sec) on the flow signal. Individual flow and Paw signals were hence averaged and smoothed by a filter that averaged the signal over a 120-msec time window. On the resulting mean flow signal, the software first identified the steady flow level and then the largest portion of flow signal that falls into the value of steady flow Ϯ3%. The beginning and the end of such constant portion were marked by cursors onto the flow trace. To eliminate on and off flow transient, the constant flow portion was further narrowed by adding 50-msec offsets after the beginning (time 0 ) and before the end (time 1 ) of the constant flow portion. The portion of mean Paw-t curve encompassed in the time interval (time 0 -time 1 ) was fitted to the following equation using the LevenbergMarquardt algorithm (20) : R 2 value of the fitting was computed and displayed. The fitting algorithm provided the coefficients a, b, and c that best described the Paw-t curve in such time interval (Fig. 1 ). The coefficient a represents the slope of the Paw-t relationship in the time 0 -time 1 interval, and the coefficient c is the value of Paw at time 0 . The coefficient b (stress index) is a dimensionless number that describes the shape of the Paw-t curve. Values of coefficient b Ͻ 1 indicate that compliance increases with time, whereas compliance decreases with time for values of coefficient b Ͼ 1. Finally, b ϭ 1 indicates a constant compliance during tidal inflation (12) . Calculations were aborted if one of the following conditions occurred: a) the constant portion in the flow signal could not be found because of noise, artifacts, or air leakage; b) the duration of the time 0 -time 1 interval was shorter than one third of the inspiratory time; c) R 2 values of the fitting were Ͻ.95; d) values of coefficient b calculated on the first and second half of the time 0 -time 1 interval were not both lower than, higher than, or equal to 0.9 -1.1. Resistive and viscoelastic contribution to airway pressure was assumed constant over the range of changes in lung volume (12) .
Frontal topograms and helical CT of the chest were obtained with a Somatom Plus 4 (Siemens, Erlagen, Germany) at the end of end-expiratory and end-inspiratory occlusions (4 secs) as previously described (16, 17) . Images were reconstructed with an increment of 8 mm to define the scanning level that resulted in the largest traverse lung area. In all animals, this area was located above the diaphragm and below the base of the heart: This level was chosen for the image analysis. Images were analyzed with the computer program MALUNA (University of Mannheim, Germany). The entire left and right lungs were chosen as region of interest by manually drawing the outer boundary along the inside of the ribs and the inner boundary along the mediastinal organs. The total area of the selected region of interest consists of a finite number of pixels, being each pixel a square with a 0.4-mm side. The radiograph attenuation of each pixel, expressed in Hounsfield units (HU), was obtained by determining the percentage of radiation adsorbed by that pixel (16, 17) . The attenuation scale arbitrarily assigns to bone a value of 1000 HU (complete absorption), to air a value of Ϫ1000 HU (no absorption), and to water a value of 0 HU; blood and lung tissue have a density ranging between 20 and 40 HU. According to previous studies (16), we identified the following lung compartments: hyperinflated, composed of pixels with CT numbers between Ϫ900 and Ϫ1000 HU; normally aerated, composed of pixels with CT numbers between Ϫ900 and Ϫ500 HU; poorly aerated, composed of pixels with CT numbers between Ϫ500 and Ϫ100 HU; and nonaerated, composed of pixels with CT numbers between Ϫ100 and ϩ100 HU. Their area was measured as (size of the pixel) 2 multiplied by the number of pixels in each compartment (17, 18) . Tidal recruitment was quantified as the area of the nonaerated compartment at end-expiration minus the area of the nonaerated compartment at end-inspiration (17) . Tidal hyperinflation was quantified as the area of the hyperinflated compartment at end-inspiration minus the area of the hyperinflated compartment at end-expiration (21).
Shunt and deadspace were measured with the multiple inert gas elimination technique as previously described (17) . Shunt was defined as a ventilation-perfusion ratio Ͻ.005 and deadspace as a ventilation-perfusion ratio Ͼ100.
Experimental Protocol. After lung lavage and ventilating the animal with the baseline ventilation settings, PEEP was changed to obtain a value of b between 0.9 and 1.1 (b ‫؍‬ 1). This was followed by the application of a recruiting maneuver (40 cm H 2 O continuous positive airway pressure for 40 secs), and then PEEP was changed according to the algorithm described in Figure 2 to obtain b values between 0.9 and 1.1 (b ‫؍‬ 1 after recruiting maneuver). Different b values were obtained by decreasing PEEP and increasing VT (0.9 Ͼ b Ͼ 0.8 and 0.8 Ͼ b Ͼ 0.6 conditions) and increasing VT and/or PEEP (1.3 Ͼ b Ͼ 1.1 and 1.5 Ͼ b Ͼ 1.3 conditions). The sequence of experimental conditions was random. Respiratory rate was set to maintain arterial PCO 2 between 35 and 45 mm Hg.
Measurements were taken 2-3 mins after 20 -30 mins of stable breathing pattern. Coefficient b was obtained 2-3 mins before CT scan. Shunt and deadspace were measured after CT scan during the b ‫؍‬ 1, the b ‫؍‬ 1 after recruiting maneuver, and the 1.5 Ͼ b Ͼ 1.3 conditions. Analysis of lung scan, shunt, and deadspace was carried out blinded as to experimental conditions.
Data are presented as mean Ϯ SD. Regression analysis was performed with the leastsquares method. Two-way analysis of variance for repeated measures evaluated differences among experimental conditions. If significant (p Ͻ .05), comparisons were performed using the Bonferroni/Dunn procedure (StatView, Abacus, Berkeley, CA). Analysis of the receiver operating characteristic curve was used to determine the optimal sensitivity and specificity values for coefficient b in predicting tidal recruitment and tidal hyperinflation. Standard formulas were used to calculate sensitivity, specificity, and positive and negative predictive values.
RESULTS
Ventilatory variables during all experimental conditions are given in Table 1 . With a VT of 6.9 Ϯ 0.8 mL/kg, a linear Paw-t curve was obtained with a PEEP of 4.6 Ϯ 1. CT scans at end-expiration and endinspiration during all experimental conditions in a representative animal are shown in Figure 3 ; the corresponding lung density histograms are shown in Figure 4 . At end-expiration, the lung density histogram of the b ϭ 1 condition had a bimodal distribution with a first peak located in the nonaerated compartment and a second peak located in the normally aerated compartment; tidal inflation increased only the area of the pulmonary area located in the normally aerated compartment. A unimodal distribution of the density histogram was observed at endexpiration during the b ϭ 1 after recruitment maneuver condition with a peak allocated in the normally aerated compartment that increased with tidal inflation, all other compartments remaining unchanged. Distribution of the density histogram during the 0.9 Ͼ b Ͼ 0.8 and the 0.8 Ͼ b Ͼ 0.6 condition showed at end-expiration a bimodal distribution with a first peak located in the normally aerated compartment and a second peak located in the nonaerated compartment; in both experimental conditions, tidal inflation increased the area of the former and decreased the area of the latter. Finally, during the 1.3 Ͼ b Ͼ 1.1 and the 1.5 Ͼ b Ͼ 1.3 condition, the peak of distribution of the density histograms at end-expiration was located in the normally aerated compartment; tidal inflation shifted the peak of distribution of the density histograms into the hyperinflated compartment.
On average, tidal inflation produced a significant (p Ͻ .001) reduction of the nonaerated compartment (tidal recruitment) only when the stress index was Ͻ0.9. Similarly, tidal inflation produced a significant increase of the hyperinflated compartment (tidal hyperinflation) when the stress index was Ͼ1.1; when the stress index was between 0.9 and 1.1, only the normally aerated compartment increased with VT (Table 3) . Tidal insufflation minimally decreased the poorly aerated compartment in all experimental conditions. Maximal values of shunt (p Ͻ .001) and alveolar deadspace (p Ͻ .001) were found in the b ϭ 1 condition and in the 1.5 Ͼ b Ͼ 1.3 condition, respectively (Table 4) .
A highly significant correlation was found between individual values of stress index and the area of lung tissue undergoing tidal recruitment (Fig. 5, top) and tidal hyperinflation (Fig. 5 , bottom, R 2 ϭ .917 and R 2 ϭ .911, p Ͻ .0001, respectively). A significant (R 2 ϭ .969, p Ͻ .0001) relationship between values of stress index calculated on the airway pressure signal and on the transpulmonary pressure signal was found.
The area under the receiver operating characteristic curve was significantly larger than that of an arbitrary test that is expected a priori to have no discriminatory value for tidal recruitment and tidal hyperinflation. The threshold value for coefficient b that identified best tidal recruitment and tidal hyperinflation ranged between 0.9 and 1.1 (Fig. 6) . Sensitivity, specificity, positive predictive values, and negative predictive values of the coefficient b to predict tidal recruitment and tidal hyperinflation are indicated in Table  5 .
DISCUSSION
The main finding of the present study is that in a lung lavage model of ALI, the shape of the Paw-t curve during constant flow inflation corresponds to CT evidence of tidal recruitment and hyperinflation. When the Paw-t curve shows a progressive increase in slope, a substantial decrease of nonaerated alveoli takes place during tidal inflation; a progressive decrease in slope of the Paw-t curve indicates that the amount of hyperinflated alveoli increases with tidal inflation; and a linear Paw-t curve indicates that tidal inflation involves only normally aerated alveoli.
Analysis of pulmonary CT images of animals and patients with ALI demonstrated a nonhomogeneous distribution of pulmonary alterations with normally aerated, poorly aerated, nonaerated, and hyperinflated alveolar regions interspersed and/or distributed along the ventral-dorsal axis (1, 2). The normally aerated region is relatively small but receives the largest part of VT (1, 2) and may therefore be exposed to excessive alveolar wall tension and stress failure (1, 2) ; nonaerated regions can be re-expanded depending on the particular ventilatory strategy used (1-3) , and the tidal opening and closing of alveoli adjacent to fully expanded and consolidated regions would cause shear stress (4) . Tidal hyperinflation of normal alveoli and tidal recruitment of collapsed alveoli are therefore mechanical factors responsible for venti- lator-induced lung injury (5, 6); both are dynamic phenomena determined by the interaction between volume history and the area and distribution of normal, collapsed, and consolidated pulmonary areas (22) . These interactions are conditioned by the stage of ALI, the levels of FIO 2 , changes in body position, suctioning, and level of sedation (23) (24) (25) (26) (27) . The shape of the Paw-t curve during constant flow ventilation has been used to predict occurrence of mechanical stress in different models of ALI (12) (13) (14) (15) . The rationale of this approach is based on the consideration that a progressive increase in compliance during tidal inflation should correspond with the presence of tidal recruitment, whereas a progressive decrease in compliance should indicate that some alveoli are hyperinflated by tidal inflation. The mathematical coefficient describing the shape of the Paw-t curve may therefore identify and quantify mechanical stress (stress index) caused by mechanical ventilation. The use of the stress index to manage ventilator settings to minimize ventilator-induced lung injury was initially tested in an isolated rat lung model of ALI (12) . The threshold values for stress index that best discriminated lungs with and without histologic and biological markers of ventilatorinduced lung injury ranged between 0.9 and 1.1. In a rat model of lung transplantation, de Perrot et al. (13) found that values of elastance, pulmonary cytokines, and morphologic signs of injury in the transplanted lung were minimized by continuously adjusting the level of PEEP to maintain values of stress index between 0.9 and 1.1. Neve et al. (14) showed that in children with ALI, the shape of the Paw-t curve detected hyperinflation. Gama de Abreu et al. (15) in a rabbit model of unilateral ALI found that the analysis of the Paw-t curve permitted detection of optimal protective strategy during one-lung ventilation. None of these studies, however, provided direct evidence that the progressive increase in slope on the Paw-t indicated that tidal inflation determined the progressive aeration of alveoli that were gasless at endexpiration (tidal recruitment) (1) and that the progressive decrease in slope of the Paw-t curve corresponded to the increase of the amount of alveolar units falling into the hyperinflated compartment (tidal hyperinflation) (2) .
Analysis of pulmonary CT scans during mechanical ventilation provides a gold standard for assessing the tidal recruitment phenomenon as "the process of aeration during tidal inflation of lung regions that were gasless at the end of expiration" (1) . Consequently, we estimated tidal recruitment as the difference in the area of the nonaerated compartment in two juxta-diaphragmatic CT sections obtained at end-expiration and at end-inspiration (1, 16) and found a significant correlation between values of stress index and amount of tidal recruitment (Fig. 5) . Malbouisson et al. (2) criticized our method to estimate alveolar recruitment since it does not include changes in the area of poorly aerated regions. In our study, the reduction of the area of poorly aerated regions with tidal inflation was minimal and did not differ among all experimental conditions (Table  3) . Under these circumstances, estimation of tidal recruitment with the method proposed by Malbouisson et al. would not change results of the present study. Another source of potential underestimation of alveolar recruitment is related to the analysis of a single CT section, since Lu et al. (28) showed in patients with ALI that analysis of the juxta-diaphragmatic CT section with and without PEEP may underestimate alveolar recruitment due to the nonhomogeneous distribution of recruitment of collapsed alveoli along the cephalocaudal axis. However, Neumann and Hedenstierna (17) demonstrated that in a lung lavage model of ALI, differently from patients with ALI, single CT sections at any level are representative of the density of the entire lung because of the uniform distribution of the pulmonary lesions. Another problem related to our estimation of tidal recruitment is that position of the diaphragm changes with respiration, and thus anatomical structures scanned at end-inspiration and endexpiration are not identical (28) . Correct estimation of tidal hyperinflation by CT scan analysis depends critically on the density threshold separating normally aerated from hyperinflated lung regions (1) . The "hyperinflated compartment" is conventionally identified by the HU window Ϫ900 to Ϫ1000 (1). Using these threshold values, Vieira et al. (21) demonstrated a significant degree of alveolar hyperinflation in patients with ALI ventilated with a PEEP of 10 -16 cm H 2 O. Although the alveolar regions identified by the Ϫ900 to Ϫ1000 HU range are certainly overfilled by gas volume, the same units may not necessarily be overstretched by excessive alveolar wall tension (1). Alveolar deadspace (multiple inert gas elimination technique) in animals ventilated with ventilator patterns associated with an upward concavity of the Paw-t curve was significantly higher than in animals ventilated with a straight Paw-t curve (31 Ϯ 2 vs. 19 Ϯ 2%, respectively; p Ͻ .001). The association between the increase in alveolar deadspace and the insufflation of VT along the flat part of the static volume-pressure curve (29) probably explains the recent finding that deadspace fraction is an independent risk factor for death in patients with acute respiratory distress syndrome (30) . Besides, we recently found that ventilator settings leading to an upward concavity on the Paw-t curve were associated with increased concentrations of pulmonary cytokines and of morphologic markers of lung injury (12) . These data may therefore suggest that ventilator settings leading to an upward concavity in the Paw-t curve may be associated with lung regions that are overfilled by inflating gas and overstretched by excessive pressure.
In our study, a straight Paw-t curve was obtained in two experimental conditions: a) setting a VT of 6 mL/kg and PEEP of 5 cm H 2 O and then adjusting PEEP (decreasing in three cases, increasing in two cases, and leaving unchanged in three cases); and b) while the animal was still ventilated with the previously obtained variables, applying a recruiting maneuver and increasing the level of PEEP to obtain again a value of the stress index between 0.9 and 1.1 (b ϭ 1 condition and b ϭ 1 after recruitment maneuver condition, respectively). These experimental conditions were both characterized by absence of CT evidence of tidal recruitment and tidal hyperinflation. Although a substantial amount of nonaerated lung tissues characterized the former, the largest part of the lung was in the normally aerated range in the latter. The collapsed lung predominant in the b ϭ 1 condition remained unchanged with tidal inflation; the fully recruited lung was predominant in the b ϭ 1 after recruitment maneuver condition, although the peak in the normally aerated compartment range approached the low threshold for the hyperinflated compartment (Ϫ900 HU; Fig. 3 ). These morphologic data were confirmed by a 90% decrease in shunt during the stress index ϭ 1 after recruitment maneuver condition compared with the stress index ϭ 1 condition (Table 3) ; absence of CT evidence of tidal recruitment and tidal hyperinfla- tion was associated with a straight Paw-t curve obtained with either low VT and moderate PEEP (ARDS Network approach) (6) or low VT, recruitment maneuver, and high PEEP (open lung approach) (5). Kloot et al. (31) found that improvement in arterial oxygenation with PEEP lung and hyperinflation with high volume and pressure are more relevant in a lavage model than oleic acid and bacteria inhalation models of acute respiratory distress syndrome. Besides, lung lavage models of ALI are characterized by a uniform distribution of the pulmonary lesions (17, 32) . Results of the present study may therefore not be directly applicable to patients with ALI (32) .
A model of two or more compartments having different time constants given by the ratios of the compartmental resistance to elastance is required to describe the nonhomogeneous distribution of normal, collapsed, and consolidated alveoli characteristic of ALI (7, 9, 12) . Under these circumstances, the Paw-t curve may be better described by a sigmoidal shape with an initial downward concavity due to alveolar opening, followed by a linear portion and a final downward concavity due to alveolar hyperinflation. None of our experimental conditions was intended to create a ventilatory strategy (such as high tidal volume and zero PEEP) that could lead to an initial tidal recruitment followed by tidal hyperinflation. However, as shown in Figure 1 , the power equation was first fit to the initial half and then to the second half of the curve and the software applied the algorithm to the first and to the second half, reporting the coefficients b 1 and b 2 . The software allowed the use of the entire Paw-t curve only if the b 1 and b 2 values were consistently lower, higher, or equal to 0.9 -1.1 in both sections of the curve (12) .
CONCLUSION
Our study demonstrates that in a lung lavage model of ALI, the shape of the Paw-t curve during constant flow inflation detects CT scan evidence of tidal recruitment and tidal hyperinflation: A progressive increase in slope of the Paw-t curve indicates tidal recruitment, and a progressive reduction in slope of the Paw-t curve corresponds to tidal hyperinflation. A straight Paw-t curve indicates that tidal inflation occurs only in the normally aerated compartment.
